Introduction
============

Sepsis is a life-threatening organ dysfunction caused by a complex host response to an infection, and the hospital mortality rate of septic shock was \>40% in 2016, worldwide ([@b1-mmr-22-04-3338]). Cardiac dysfunction is a series complication of sepsis and it is associated with the prognosis of patients ([@b2-mmr-22-04-3338]). Lipopolysaccharide (LPS) is a principal component of the cell wall in Gram-negative bacteria and it can trigger an inflammatory cascade reaction, which results in the synthesis and release of inflammatory mediators, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 ([@b3-mmr-22-04-3338]). The overexpression of inflammatory factors could lead to endothelial injury and the disruption of vascular homeostasis, which could subsequently promote irreversible cardiac dysfunction ([@b4-mmr-22-04-3338]). Therefore, the effective treatment of septic cardiac dysfunction may be beneficial for improving the prognosis of patients.

Astaxanthin (ATX) is a major carotenoid in marine organisms, which is ubiquitously present in the biological world, particularly in the feathers of shrimp, crab, fish, algae, yeast and birds ([@b5-mmr-22-04-3338]). Previous studies have demonstrated that ATX serves a variety of beneficial physiological effects, including antioxidative, anti-inflammatory and antiapoptotic functions ([@b6-mmr-22-04-3338],[@b7-mmr-22-04-3338]). In addition, it has been suggested that ATX may reduce the myocardial infarct area and improve the myocardial mitochondrial membrane potential and contractility index ([@b7-mmr-22-04-3338]). Notably, it has also been reported that ATX may also protect against LPS-induced cardiac dysfunction by reducing the levels of inflammatory mediators and oxidative stress ([@b8-mmr-22-04-3338]). However, the specific mechanisms by which ATX protects against LPS-induced cardiac dysfunction remain poorly understood.

The PI3K/AKT signaling pathway is involved in cell proliferation, differentiation and apoptosis ([@b9-mmr-22-04-3338]), and it was revealed to serve an important role in cardiac dysfunction caused by sepsis ([@b10-mmr-22-04-3338]). In a previous study, the mitogen activated protein kinase (MAPK) signaling pathway was also observed to participate in the regulation of cell growth and differentiation, in addition to modulating the cell\'s response to cytokines and various stresses, such as TNF-α and LPS ([@b11-mmr-22-04-3338]). Numerous studies have revealed that MAPK served a major role in promoting the production of inflammatory cytokines during sepsis, such as TNF-α, IL-6 ([@b12-mmr-22-04-3338],[@b13-mmr-22-04-3338]). To investigate whether ATX exhibited protective effects during cardiac dysfunction the present study established an *in vivo* LPS-induced sepsis model using C57BL/6 mice to identify the possible underlying mechanisms of action of ATX. We hypothesized that ATX may be used for the treatment of LPS-induced cardiac dysfunction through the regulation of the PI3K/AKT and the MAPK signaling pathways. Understanding the mechanisms underlying the action of ATX may assist in the development of a novel treatment for patients with septic cardiomyopathy to improve the prognosis of patients.

Materials and methods
=====================

### Animal studies

A total of 45 specific pathogen-free male C57BL/6 mice (age, 8--10 weeks; weight, 24--26 g) were obtained from The Institute of Laboratory of Animal Sciences, Chinese Academy of Medical Sciences and Peking Union Medical College. Mice were randomly divided into three groups (n=15 per group): Control, LPS and LPS + ATX. Animals were housed at a controlled temperature of 25°C and a humidity of 45--50%, with a 12-h light/dark cycle and free access to standard laboratory water and chow; the animals were allowed to adapt to the laboratory conditions for 7 days prior to use for subsequent experiments. The animal experiments were approved by the Ethics Committee of Renmin Hospital of Wuhan University (Wuhan, China).

### Induction of sepsis-associated cardiac dysfunction models

Cardiac dysfunction was induced by an intraperitoneal injection of LPS (10 mg/kg; cat. no. L2880; Sigma-Aldrich; Merck KGaA) for 24 h, as previously described ([@b14-mmr-22-04-3338]). ATX (40 mg/kg; cat. no. SML0982; Sigma-Aldrich; Merck KGaA) dissolved in polyethylene glycol 400-N, N-dimethylacetamide (PEG400; 1:1 v/v; cat. no. 91863; Sigma-Aldrich; Merck KGaA) was administered to the mice in the LPS + ATX group 30 min after LPS administration for 24 h. The mice in the control and LPS groups were administered an equivalent volume of the vehicle (PEG400; 1:1 v/v; cat. no. 91863; Sigma-Aldrich; Merck KGaA). The health, behavior and death of mice were monitored every 6 h following LPS administration. In the LPS and LPS + ATX groups, 8 and 3 mice died, respectively, of severe infection following LPS treatment. All the surviving animals were anesthetized with pentobarbital solution (50 mg/kg) via an intraperitoneal injection 24 h after LPS treatment. Following anesthesia, 0.5 ml blood was collected from the mice by eyeball enucleation; which prompted two mice to die from severe anemia. To isolate myocardial tissue, mice were sacrificed by cervical dislocation. Following a 2 min observation, no respiration and corneal reflex in the mice confirmed death. The heart tissue was isolated post-mortem and stored in 4% paraformaldehyde or at −80°C.

### Mortality observation

The point at which LPS was administered was considered as the 0 h time point. The number of surviving mice was observed at 6, 12, 18 and 24 h after LPS injection and the mortality of each group was calculated using the following method: Mortality=dead mice/total number of mice ×100%.

### Analysis of blood samples using ELISA

Blood samples from the mice were collected from the posterior orbital plexus venous and were centrifuged at 4,200 × g for 10 min at room temperature. The supernatants were subsequently collected and stored at −20°C. ELISA kits (cat. nos. EL-M0049c and E-EL-M0044c; Elabscience Biotechnology Co., Ltd.) were used to analyze the levels of TNF-α and IL-6 in the blood samples using an enzyme-labeled instrument (Multiskan MK3; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocols.

### Histological examination

Left ventricular and whole heart tissues were collected and fixed for 48 h in 4% paraformaldehyde at 4°C, embedded in paraffin and sliced into 4-µm thick sections. The tissue sections were subsequently stained with hematoxylin & eosin (H&E) for 70 min at room temperature. Stained sections were visualized using a light microscope, at X100 and X200 magnification.

### Reverse transcription-quantitative (RT-q)PCR

mRNA expression levels of B-type natriuretic peptide (BNP) were analyzed using RT-qPCR. The fresh frozen tissue stored at −80°C was weighed to 100 mg, following which 1 ml TRIzol^®^ reagent (cat. no. 15596026; Invitrogen; Thermo Fisher Scientific, Inc.) was added, and the tissue ground into a slurry using a homogenizer, according to the manufacturer\'s protocol. Total RNA was reverse transcribed into cDNA using a HiScript RT reagent kit (cat. no. R101-01/02; Vazyme Biotech Co., Ltd.), using the following conditions: 25°C for 5 min, 50°C for 15 min, 85°C for 5 min then 4°C for 10 min. qPCR was subsequently performed using a SYBRGreen master mix (cat. no. Q111-02; Vazyme Biotech Co., Ltd.), according to the manufacturer\'s protocol, on a QuantStudio 6 Flex Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.), using the following conditions 50°C for 2 min, 95°C for 10 min, then 40 cycles of 95°C for 30 sec and 60°C for 30 sec. The data was analyzed with the 2^−ΔΔCq^ method ([@b15-mmr-22-04-3338]). The primer sequences and the amplicon sizes of the target genes are presented in [Table I](#tI-mmr-22-04-3338){ref-type="table"}. β-actin was used as the endogenous loading control.

### Western blot analysis

To assess the expression levels and activation state of proteins in the MAPK and PI3K/AKT signaling pathways, total protein was extracted from the cardiac tissues. Cardiac tissues were collected and homogenized with a homogenizer using radioimmunoprecipitation assay lysis buffer (cat. no. P0013B), containing phenylmethanesulfonyl fluoride (cat. no. ST506) and phosphoesterase inhibitors (cat. no. S1873) (all Beyotime Institute of Biotechnology). Total protein was quantified using a bicinchoninic acid kit (cat. no. P0010; Beyotime Institute of Biotechnology) and 40 µg protein/lane was separated using 10% SDS-PAGE. The separated proteins were subsequently transferred onto a PVDF membrane (cat. no. IPVH00010; EMD Millipore) and blocked using 5% skimmed milk in Tris buffered saline containing 0.1% Tween-20 (TBST) for 2 h at room temperature. The membranes were incubated overnight at 4°C in TBST containing 1% skimmed milk with the following primary antibodies: Anti-p38 (1:1,000; cat. no. 8690; Cell Signaling Technology, Inc.), anti-phosphorylated (p)-p38 (1:1,000; cat. no. 9211; Cell Signaling Technology, Inc.), anti-ERK1/2 (1:1,000; cat. no. ab17942; Abcam), anti-p-ERK1/2 (1:2,000; cat. no. 4370S; Cell Signaling Technology, Inc.), anti-JNK (1:1,000; cat. no. 9252S; Cell Signaling Technology, Inc.), anti-p-JNK (1:1,000; cat. no. 9251S; Cell Signaling Technology, Inc.), anti-PI3K (1:1,000; cat. no. 4257S; Cell Signaling Technology, Inc.), anti-p-PI3K (1:1,000; cat. no. ab182651; Abcam), anti-AKT (1:1,000; cat. no. 4691S; Cell Signaling Technology, Inc.), anti-p-AKT (1:1,000; cat. no. 9271T; Cell Signaling Technology, Inc.), anti-mTOR (1:500; cat. no. ab87540; Abcam), anti-p-mTOR (1:1,000; cat. no. 5536T; Cell Signaling Technology, Inc.), anti-glycogen synthase kinase-3 (1:500; GSK3) β (cat. no. ab93926; Abcam), anti-p-GSK3β (1:500; cat. no. ab75745; Abcam), anti-Bax (1:1,000; cat. no. ab32503; Abcam), anti-Bcl-2 (1:800; cat. no. 26593-1-AP; ProteinTech Group, Inc.) and anti-GAPDH (1:1,000; cat. no. AB-P-R 001; Hangzhou Goodhere Biotech Co., Ltd.). Following the incubation with the primary antibodies, the membranes were incubated with the following secondary antibodies for 2 h at 37°C: Horseradish peroxidase (HRP) conjugated AffiniPure goat anti-mouse IgG (dilution 1:50,000; cat. no. BA1051) and HRP conjugated AffiniPure goat anti-rabbit IgG (dilution 1:50,000; cat. no. BA1054) (both Boster Biological Technology Co., Ltd). The protein bands were visualized using an ECL kit (Pierce; Thermo Fisher Scientific, Inc.) and densitometry analysis was performed using Bandscan v5.0 software (Glyko Biomedical Ltd.). The protein expression levels were normalized to GAPDH and phosphorylated proteins were normalized to the respective total protein.

### TUNEL staining

A TUNEL assay was used to assess cardiomyocyte apoptosis. Briefly, heart tissues were collected, fixed and embedded as aforementioned, then the paraffin-embedded tissues were cut into 4-µm thick sections placed flat in 42°C water bath and incubated at 60°C. The tissue sections were deparaffinized, rinsed with PBS and incubated with proteinase K (20 µg/ml; cat. no. 40308ES20; Yeasen Biotech Co., Ltd) for 20 min at room temperature. A total of 50 µl TUNEL reaction mixture was subsequently added to each sample and the slices were placed in a wet box for 60 min at 37°C in the dark. Following the incubation, the slides were rinsed with PBS (pH 7.4) three times for 5 min each and the cell nuclei were stained with DAPI (10 µg/ml) for 5 min at room temperature in the dark, and then washed with PBS four times for 5 min each time. Antifade mounting medium (cat. no. 0100-01; Southern Biotechnology Associates, Inc.) was used for sealing. TUNEL-positive cells were observed using a fluorescence microscope with 22 fields of view and X200 magnification; the apoptotic cells in the tissue sections fluoresced red and the nuclei fluoresced blue. The number of apoptotic and total cells were counted and the percentage of apoptotic cells were calculated using the following equation: Apoptosis index=apoptotic cells/total cells ×100%.

### Statistical analysis

Data are presented as the mean ± SD. Statistical differences among multiple groups were determined using an one-way ANOVA, followed by Tukey\'s post-hoc test. Kaplan-Meier survival curves were used to plot the mortality rates of the three groups and the differences in the survival between the groups were compared using a log-rank test. The experiments were repeated three times. All data were analyzed using SPSS version 17.0 (SPSS, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### ATX improves the survival rate in septic mice

In the LPS group, following 6, 12, 18 and 24 h of LPS treatment, the number of deaths was 1, 2, 2 and 3, respectively, whereas in the LPS + ATX group, the number of deaths was 0, 1, 1 and 1, following 6, 12, 18 and 24 h of LPS treatment, respectively. The Kaplan-Meier survival curves revealed that the 24 h mortality rate of septic mice, induced by LPS without ATX administration, was 53.3%; however, the 24 h mortality rate decreased to 20% when treated with ATX, and this difference was significant (χ^2^=11.989; P=0.002; [Fig. 1](#f1-mmr-22-04-3338){ref-type="fig"}).

### ATX alleviates the inflammatory response and downregulates the expression levels of BNP

H&E staining demonstrated that LPS caused cardiomyocyte necrosis (indicated by the red arrows) and neutrophil infiltration (indicated by the blue arrows) in the LPS only group, while ATX treatment attenuated the LPS-induced necrosis (indicated by the red arrows) and neutrophil granulocyte infiltration (indicated by the blue arrows) in the myocardium ([Fig. 2A](#f2-mmr-22-04-3338){ref-type="fig"}). LPS treatment also significantly increased the protein and mRNA expression levels of BNP and the protein expression levels of the inflammatory cytokines, TNF-α and IL-6, compared with that in the control group, whereas ATX treatment significantly reversed these changes ([Fig. 2B-D](#f2-mmr-22-04-3338){ref-type="fig"}).

### ATX inhibits the levels of cardiomyocyte apoptosis in response to LPS

Compared with that in the control group, there was a marked increase in the levels of cardiomyocyte apoptosis in the LPS group; conversely, ATX treatment was observed to reduce the LPS-induced increased levels in cardiomyocyte apoptosis ([Fig. 3A](#f3-mmr-22-04-3338){ref-type="fig"}). Furthermore, LPS increased the protein expression levels of Bax and decreased the Bcl-2 protein expression levels in the LPS group, compared with that in the control group. ATX treatment decreased the protein expression levels of Bax and increased the Bcl-2 protein expression levels in the mice hearts following LPS treatment, compared with that in the LPS group ([Fig. 3B and C](#f3-mmr-22-04-3338){ref-type="fig"}).

### ATX inhibits the activation of the MAPK signaling pathway

To investigate the anti-inflammatory molecular mechanisms of ATX, the activation state of proteins in the MAPK signaling pathway were analyzed. The administration of LPS was found to significantly increase the protein expression levels of p-p38, p-ERK and p-JNK compared with that in the control group ([Fig. 4A and B](#f4-mmr-22-04-3338){ref-type="fig"}); however, ATX treatment significantly decreased the LPS-induced expression levels of these proteins.

### ATX inhibits the activation of the PI3K/AKT signaling pathway

To determine the mechanisms by which ATX reduced the apoptosis levels, the activation state of proteins in the PI3K/AKT signaling pathway was detected. The administration of LPS significantly increased the protein expression levels of p-PI3K, p-AKT, p-mTOR and p-GSK3β compared with that in the control group ([Fig. 5A and B](#f5-mmr-22-04-3338){ref-type="fig"}). In contrast, the treatment with ATX significantly reversed these trends observed in the LPS group ([Fig. 5A and B](#f5-mmr-22-04-3338){ref-type="fig"}).

Discussion
==========

Sepsis is a significant public health concern and patients with septic shock had a high rate of mortality worldwide in 2016 ([@b1-mmr-22-04-3338]). Septic shock frequently results in the dysfunction of multiple organs such as reduced hepatic clearance, elevated creatinine levels, and impaired aerobic respiration ([@b1-mmr-22-04-3338]). The ventricular myocardium is depressed during sepsis and it has been discovered to exhibit features associated with diastolic dysfunction ([@b16-mmr-22-04-3338]) and systolic dysfunction ([@b17-mmr-22-04-3338]). Furthermore, the pathogenesis of septic cardiomyopathy has been associated with oxidative stress, increases in the production of inflammatory cytokines and apoptosis ([@b17-mmr-22-04-3338]). However, the current therapeutic options available for cardiac dysfunction in sepsis are limited, and include hemofiltration techniques, statins, mesenchymal stem cells, and phosphodiesterase inhibitors ([@b17-mmr-22-04-3338]). As a carotenoid, ATX has exhibited a variety of biological properties, including antioxidant, anti-inflammatory, antithrombotic and antiapoptotic functions ([@b6-mmr-22-04-3338],[@b7-mmr-22-04-3338]).

LPS is highly pathogenic and can induce severe sepsis ([@b18-mmr-22-04-3338]--[@b21-mmr-22-04-3338]). In different studies, the mortality rate of mice was different following 24 h of intraperitoneal injection of LPS (10 mg/kg), such as 25, 36, 40 and 50% ([@b18-mmr-22-04-3338]--[@b21-mmr-22-04-3338]). In the present study, the mortality of mice after 24 h of LPS administration was 53.3%. As the principal component of the cell wall of Gram-negative bacteria, LPS can promote the synthesis and release of inflammatory mediators, such as TNF-α, IL-1β and IL-6 ([@b3-mmr-22-04-3338]). Numerous studies have reported that proinflammatory mediators, including TNF-α, IL-1β and IL-6, were involved in the occurrence and development of myocardial dysfunction ([@b4-mmr-22-04-3338],[@b22-mmr-22-04-3338]). For example, TNF-α was discovered to induce myocardial depression through the modulation of the inflammatory response ([@b23-mmr-22-04-3338],[@b24-mmr-22-04-3338]). Furthermore TNF-α was identified to serve as a modulator of secondary factors ([@b25-mmr-22-04-3338]), such as nitric oxide and caspase activation, which induced myocardial apoptosis leading to cardiac dysfunction ([@b26-mmr-22-04-3338]). IL-6 is an important mediator of cardiac inflammation and dysfunction; in a previous study, IL-6 knockout mice were found to have a reduced inflammatory response and the levels of apoptosis, and an improved systolic function following sepsis, compared with that in the wild-type mice ([@b27-mmr-22-04-3338]). The present study revealed that following 24 h of LPS administration, the levels of the inflammatory factors in the serum of mice were significantly increased, whereas ATX treatment decreased the synthesis and release of TNF-α and IL-6, and prevented LPS-induced cardiac function.

The MAPK signaling pathway serves an important role in inflammation and MAPKs were discovered to be important mediators that drive the production of inflammatory cytokines in sepsis ([@b12-mmr-22-04-3338]). For example, the activation of p38 was observed to stimulate monocyte and macrophages to produce TNF-α and IL-6, while the inhibition of p38 exerted a significant protective effect on lung tissue and cardiomyocytes ([@b28-mmr-22-04-3338],[@b29-mmr-22-04-3338]). In addition, the JNK signaling pathway was reported to serve an active role in the inflammatory response by promoting the release of TNF-α, IL-1β and IL-6 ([@b30-mmr-22-04-3338]). The activation of inflammation requires two distinct steps: Priming and activation. The priming or licensing of the inflammasome are independent of transcription and translation, and they are centered upon the ERK signaling pathway ([@b31-mmr-22-04-3338]). In a previous study using the standard model of LPS priming followed by ATP, an ERK inhibitor (U0126) was found to significantly block inflammasome priming and activation ([@b31-mmr-22-04-3338]). However, the inhibition of ERK following priming was unable to block LPS/ATP-mediated human monocyte inflammasome activation ([@b32-mmr-22-04-3338]). Consistent with the findings of the previous studies, the present study also demonstrated that ATX inhibited the production of inflammation by inhibiting the p38/JNK/ERK signaling pathway. PI3K/AKT signaling is also involved in the inflammatory response; for example, Stark *et al* ([@b33-mmr-22-04-3338]) reported that PI3K/AKT signaling served a complex role in the coordination of both proinflammatory and anti-inflammatory pathways, which promoted the production of proinflammatory cytokines through NF-κB activation downstream of AKT, and exerted an inhibitory effect on toll-like receptor (TLR)2, TLR3 and TLR4-mediated inflammation through the AKT-dependent inhibition of GSK3β and forkhead box O1, respectively. Jope *et al* ([@b34-mmr-22-04-3338]) also demonstrated that the activation of TLR4 induced the production of cytokines through myeloid differentiation factor 88 (MyD88)-dependent and MyD88-independent pathways, and GSK3 enhanced the inflammatory signaling via both pathways. In addition, numerous studies have reported that the TLR4/MAPK signaling pathway is an important mechanism of inflammatory activation in sepsis ([@b35-mmr-22-04-3338],[@b36-mmr-22-04-3338]). Therefore, the PI3K/AKT pathway may also promote or inhibit the MAPK pathway, which stimulates the production of inflammatory factors, and ATX may mitigate the septic myocardial injury by partially blocking the activation of the MAPK and PI3K/AKT signaling pathways.

The PI3K/AKT signaling pathway serves an important role in cell proliferation, differentiation, apoptosis and survival ([@b9-mmr-22-04-3338]). mTOR and GSK3β, downstream members of the AKT signaling pathway, were discovered to be involved in the regulation of cell apoptosis ([@b37-mmr-22-04-3338],[@b38-mmr-22-04-3338]). The PI3K/AKT signaling pathway has also been associated with septic myocardial injury, and the inhibition of the PI3K/AKT signaling pathway was observed to mitigate myocardial injury in sepsis ([@b10-mmr-22-04-3338]). In the present study, the protein expression levels of p-PI3K, p-AKT, p-mTOR and p-GSK3β were increased in the LPS-treated mice, whereas ATX reversed these increased expression levels of p-PI3K, p-AKT, p-mTOR and p-GSK3β, suggesting an antiapoptotic effect. However, the PI3K/AKT signaling pathway is known to inhibit apoptosis ([@b9-mmr-22-04-3338]). MAPK signaling is involved in apoptosis and JNK signaling was discovered to induce activator protein-1 dependent Bax and caspase activation, which resulted in neuronal apoptosis ([@b39-mmr-22-04-3338]). In a review by Lu and Xu ([@b40-mmr-22-04-3338]) the authors found that the activation of ERK1/2 typically promoted cell survival; however, under certain conditions, ERK1/2 exhibited proapoptotic functions. Therefore, sepsis-induced myocardial apoptosis may be associated with the p38/JNK/ERK signaling pathway. In addition, the reactivation of AKT, following hypoxia or ischemia, was revealed to be regulated by JNKs ([@b41-mmr-22-04-3338]). Chaanine *et al* ([@b42-mmr-22-04-3338]) discovered that both JNK and AKT activities increased with pressure overload; however, JNK signaling was dominant over AKT signaling for the activation of the transcription factor, FOXO3a and for the transcription of its effector, BNIP3, promoting mitochondrial apoptosis. Therefore, we hypothesized that both the MAPK and the PI3K/AKT signaling pathways were activated by LPS, and signaling via the MAPK pathway was more prominent compared with signaling via the PI3K/AKT pathway, which thus increased apoptosis. In the present study, ATX inhibited the activation of the MAPK and PI3K/AKT signaling pathways and reduced the protein expression levels of Bax/ Bcl-2, which protected the myocardium from apoptosis in sepsis.

At present, the most common methods for modeling sepsis include intraperitoneal injection or intravenous injection with LPS; however, cecal ligation and puncture have been found to improve the development of sepsis and clinical infection ([@b43-mmr-22-04-3338]). This is achieved by necrotizing the end of the cecum following surgery and enabling the contents to enter the abdominal cavity following intestinal puncture; however, this method is affected by the bacterial composition of the intestinal contents and differences between operators ([@b44-mmr-22-04-3338]). The model of sepsis induced with LPS by tail vein injection is acute, and acute cardiac dysfunction can be induced within 4--6 h ([@b45-mmr-22-04-3338]). LPS can also be injected intraperitoneally to induce septic myocardial injury after 6 h; the dosage of LPS is easy to control and the surgery is simple; however, the model of LPS administration does not reflect all the complex physiological human responses, such as proinflammatory cytokines production, hemodynamic response ([@b46-mmr-22-04-3338],[@b47-mmr-22-04-3338]). A previous study used PEG400 as an ATX solvent and confirmed that PEG400 exerted no significant effect on the experiment ([@b48-mmr-22-04-3338]). Thus, ATX dissolved in PEG400 was administered to the mice in the LPS + ATX group in the present study.

Nonetheless, the results of the current study are limited. BNP is an important indicator of cardiac dysfunction, which has been discovered to be significantly associated with sepsis induced myocardial dysfunction and mortality in patients with septic shock ([@b49-mmr-22-04-3338]). Thus, due to the limited conditions in the present study, only BNP was selected to evaluate cardiac function without ultrasonic, hemodynamic and electrocardiography methods. Our future studies aim to improve the experimental method.

In conclusion, the present study demonstrated that compared with that in the LPS group, ATX treatment significantly reduced the levels of IL-6 and TNF-α in the serum, reversed the histopathological alterations and inhibited the LPS-induced apoptosis of mouse cardiomyocytes. Furthermore, the increased mRNA and protein expression levels of BNP induced by LPS were reversed by ATX, and ATX treatment reduced the mortality rates in mice with sepsis. Together, these data indicate that ATX may exhibit a protective effect on LPS-induced cardiac dysfunction in septic mice. Thus, ATX treatment may protect the heart from sepsis and lower the mortality rates in mice. The mechanisms of ATX may be related to the inhibition of the MAPK and PI3K/AKT/mTOR/GSK3β signaling pathways ([Fig. 6](#f6-mmr-22-04-3338){ref-type="fig"}). Therefore, ATX may serve as a potentially effective intervention for the treatment of cardiac dysfunction in patients with sepsis.
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![Effect of ATX on LPS-induced mouse mortality. Following 24 h of LPS treatment, the mortality rate in the LPS group was 53.3% and the mortality rate in the LPS + ATX group was 20%; this difference was significant (χ^2^=11.989; P=0.002). ATX, astaxanthin; LPS, lipopolysaccharide.](MMR-22-04-3338-g00){#f1-mmr-22-04-3338}

![Effect of ATX on inflammation infiltration and BNP expression levels. (A) Hematoxylin & eosin staining demonstrated that ATX attenuated myocardial necrosis (indicated by the red arrows) and neutrophil infiltration (indicated by the blue arrows). (B) ELISAs were used to demonstrated that ATX treatment reduced the secreted levels of TNF-α and IL-6. (C) Protein expression levels of BNP were determined using western blot analysis. (D) Reverse transcription-quantitative PCR was used to analyze the mRNA expression levels of BNP. Data are presented as the mean ± SD from three independent experiments. \*P\<0.05 vs. control; ^\#^P\<0.05 vs. LPS. ATX, Astaxanthin; LPS, lipopolysaccharide; TNF-α, tumor necrosis factor α; IL, interleukin; BNP, B-type natriuretic peptide.](MMR-22-04-3338-g01){#f2-mmr-22-04-3338}

![Effect of ATX on LPS-induced myocardial apoptosis. (A) TUNEL staining was used to reveal that ATX treatment alleviated the levels of cardiomyocyte apoptosis (red dots indicated by the white arrows). The protein expression levels of Bax and Bcl-2 were determined using (B) Western blot analysis and the results were subsequently (C) semi-quantified. Data are presented as the mean ± SD from three independent experiments. \*P\<0.05 vs. control; ^\#^P\<0.05 vs. LPS. ATX, Astaxanthin; LPS, lipopolysaccharide.](MMR-22-04-3338-g02){#f3-mmr-22-04-3338}

![Inhibitory effects of ATX on the mitogen activated protein kinase signaling pathway. The protein expression levels of p-p38, p38, p-ERK, ERK, p-JNK and JNK was determined using (A) western blot analysis and the results were subsequently (B) semi-quantified. Data are presented as the mean ± SD from three independent experiments. \*P\<0.05 vs. control; ^\#^P\<0.05 vs. LPS. ATX, Astaxanthin; LPS, lipopolysaccharide; p-, phosphorylated.](MMR-22-04-3338-g03){#f4-mmr-22-04-3338}

![Effect of ATX on the PI3K/AKT signaling pathway. The protein expression levels of p-PI3K, PI3K, p-AKT, AKT, p-mTOR, mTOR, p-GSK3β and GSK3β were determined using (A) western blot analysis and the results were subsequently (B) semi-quantified. Data are presented as the mean ± SD from three independent experiments. \*P\<0.05 vs. control; ^\#^P\<0.05 vs. LPS. ATX, Astaxanthin; LPS, lipopolysaccharide; GSK3β, glycogen synthase kinase-3β; p-, phosphorylated.](MMR-22-04-3338-g04){#f5-mmr-22-04-3338}

![Schematic diagram of the potential mechanism by which ATX inhibits LPS-induced myocardial injury. ATX, Astaxanthin; LPS, lipopolysaccharide; GSK3β, glycogen synthase kinase-3β; TLR4, toll-like receptor 4; IL, interleukin; TNF-α, tumor necrosis factor-α.](MMR-22-04-3338-g05){#f6-mmr-22-04-3338}

###### 

Primer sequences and the amplicon sizes of the target genes used for the reverse transcription-quantitative PCR.

  Gene                         Primer sequence (5′→3′)       Size (bp)
  ---------------------------- ----------------------------- -----------
  β-actin                      F: CACGATGGAGGGGCCGGACTCATC   240
                               R: TAAAGACCTCTATGCCAACACAGT   
  B-type natriuretic peptide   F: GAGGTCACTCCTATCCTCTGG      202
                               R: GCCATTTCCTCCGACTTTTCTC     

F, forward; R, reverse.

[^1]: Contributed equally
